Introduction {#S0001}
============

Neuroblastoma (NB), the most common extra-cranial solid pediatric tumor, is characterized by a peculiar biology and by variable prognosis. Indeed, clinical features of NB vary from spontaneous regression to aggressive metastatic disease.^[1](#CIT0001)^ NB patients display different genetic alteration,^[2](#CIT0002)^ including the amplification of the *MYCN* gene, an event that predicts a worse prognosis.^[3](#CIT0003)^ Another adverse prognostic factor is the presence of metastasis at diagnosis \[stage^[4](#CIT0004)^\]. High-risk NB patients are grouped in stage M, which displays less than 10% survival in case of no response to standard therapies or following relapse.^[5](#CIT0005),[6](#CIT0006)^ Further, stage M patients are characterized by bone marrow (BM) infiltration by NB cells. Multiple evidences suggest that metastatic NB cells are different from primary tumor cell,^[7](#CIT0007)--[10](#CIT0010)^ and that both neoplastic and BM-resident cells are influenced by bi-directional signaling in the BM microenvironment.^[11](#CIT0011)^

Metastatic NB cells in the BM exploit different mechanisms to escape the control of the immune system. The most known are downregulation of HLA molecules along with the expression and/or release of inhibitory molecules (i.e., HLA-G, MICA, B7H3 and calprotectin among the others.^[9](#CIT0009),[12](#CIT0012),[13](#CIT0013)^ However, one of the strategies adopted by different human tumors \[i.e. breast cancer,^[14](#CIT0014)^ melanoma,^[15](#CIT0015),[16](#CIT0016)^ prostate cancer,^[17](#CIT0017)^ and gastric carcinom^[18](#CIT0018)^\] to impair the anti-tumor immune response relays on the local production of the immunosuppressive adenosine (ADO). Extracellular ADO is generated by a set of adenosinergic ectoenzymes, ruling the classical (the first to be identified) and alternative pathways. The first one relies on the metabolism of adenosine 5ʹ-triphosphate (ATP), metabolized by CD39, an ecto-nucleoside-triphosphate-diphosphohydrolase. ATP is converted to adenosine 5ʹ-diphospate (ADP), and the latter molecule into adenosine 5ʹ-monophospate (AMP).^[19](#CIT0019)^ The alternative pathway starts from the metabolism of nicotinamide adenine dinucleotide (NAD^+^) operated by CD38, an ectoenzyme with ADP-ribosyl-cyclase/cyclic ADP ribose-hydrolase enzymatic activities, that converts NAD^+^ to adenosine diphosphate ribose (ADPR).^[20](#CIT0020)^ The latter molecule may be converted to AMP in the presence of CD203a(PC-1) (an ectonucleotide-pyrophosphatase-phosphodiesterase-1). The same enzyme can also convert ATP to AMP. The two pathways converge to the action of CD73, a 5ʹ-nucleotidase, which converts AMP to AD.^[21](#CIT0021),[22](#CIT0022)^

At the moment, expression and function of adenosinergic ectoenzymes on metastatic NB cells in the BM is not known. Hematopoietic cells, in fact, are sensitive to the action of AD,^[23](#CIT0023)^ whose action is more efficient in closed systems (e.g. BM), considering its extremely limited half-life *in vivo*.

We recently proposed that the actions of ADO may include particle signals. This was demonstrated in the context of the BM niche of the multiple myeloma, where important signals are orchestrated by means of extracellular vesicles (EV).^[24](#CIT0024)^ EV include exosomes, microvesicles (MV) and apoptotic bodies.^[25](#CIT0025)^ Exosomes are smaller than MV (range 40--120 nm versus 50--1000) and are generated through an endocytic pathway. MV are directly released from the plasma membrane as a physiological step of the membrane dynamics: such release increases during physiological activation or neoplastic transformation.^[26](#CIT0026),[27](#CIT0027)^ MV express on their surface specific markers \[integrins, selectins, and phospatidylserine (PS)\] and play a role in inter-cellular communications. They may be captured by distinct target cells through spontaneous or receptor-mediated endocytosis, or by direct fusion with the plasma membrane.^[28](#CIT0028)^ EV released by tumor cells are reported to be involved in disease progression,^[29](#CIT0029)--[31](#CIT0031)^ through the inhibition of anti-tumor immune response.^[25](#CIT0025),[27](#CIT0027)^

Recent studies on exosomes obtained from NB demonstrated that they can transfer oncogenic microRNAs to normal cells, contributing to metastasis and resistance to chemotherapy.^[32](#CIT0032)--[35](#CIT0035)^ In contrast, little is known about MV released by NB cells and their potential role in NB progression. A recent characterization of extracellular MV and exosomes released by mouse NB N2a cells demonstrated that they express multiple markers of the parental cell line, among which neural cell body protein UCH-L1, αII-spectrin, astroglial markers GFAP, BIII-tubulin, synaptophysin, and exosome marker Ali.^[36](#CIT0036)^

The present study provides the results obtained by investigating the expression and function of adenosinergic ectoenzymes on metastatic NB cells present in the BM of NB patients, as compared with normal hematopoietic cells from patients and controls. A key question was whether BM infiltration by NB cells may influence the expression and function of these molecules within this microenvironment. The sequence of the study included the same analysis on MV released in the BM microenvironment of NB patients and controls. The last issue analyzed was the translational relevance of this study, by investigating possible correlations between the presence of adenosinergic ectoenzymes on MV isolated from BM at diagnosis and the prognosis of NB patients.

Results {#S0002}
=======

Expression of adenosinergic ectoenzymes on NB cells {#S0002-S2001}
---------------------------------------------------

First, we analyzed the expression of adenosinergic ectoenzymes on NB cells isolated from NB patients with infiltrated BM as qualitatively and quantitatively compared to NB cell lines. The results obtained are summarized in [Table 1A](#T0001).10.1080/2162402X.2019.1574198-T0001Table 1.Numerical data.**A. Expression of ectoenymes on NB cells and on MV derived from NB cells (MRFI, median ± SE)** **CD38CD39CD203a/PC-1CD73CD26Patients' NB cells**1 ± 0.03 1.5 ± 0.4 10.1 ± 2.4 28.1 ± 5.3 1 ± 0.2 **Patients' NB cellsco-cultured with BM cells**3.8 ± 0.9**\*\*p = 0.003**3.8 ± 0.2**\*p = 0.01**3.6 ± 2.1**\*p \< 0.05**4 ± 1**\*\*p = 0.001**1 ± 0.1**nsNB cell lines**2.3 ± 0.7**\*\*\*p = 0.0007**4.1 ± 0.3**\*\*p = 0.004**2.8 ± 15.6**\*\*p = 0.008**4.2 ± 0.9**\*\*p = 0.002**1 ± 0.3**nsMV from patients' NB cells**1 ± 0.03**\*\*p = 0.003**7.5 ± 1.4**\*p = 0.04**15.7 ± 4**\*p = 0.04**12.8 ± 5.3**\*p = 0.04**1 ± 0.2**nsMV from NB cell lines**1.29 ± 0.32.7 ± 0.74.4 ± 1.34.6 ± 1.11 ± 0.3**B. Ectoenzymes expression on BM cells from NB patients (MRFI, median ± SE)** **CD38** **CD39** **CD203a/PC-1** **CD73**   **Lymphocytes**70.7 ± 40.2**\*\*\*p \< 0.0001**25.7 ± 7.2 2.3 ± 7.7**\*\*\*p = 0.0008**13.6 ± 4.3**\*\*\* p = 0.0005**  **Monocytes**44.4 ± 27.4**\*\*\*p \< 0.0001**36 ± 11.2 3.7 ± 9.9**\*\*\*p \< 0.0001**4.8 ± 6.5   **Granulocytes**24.4 ± 5.1**\*\*p = 0.002**19.7 ± 23.5 3.9 ± 62.1**\*\*\*p = 0.0003**3.3 ± 1.5   **NB cells**7.6 ± 11.5 4.5 ± 3 5.7 ± 1.1 4.6 ± 0.8   **C. Ectoenzymes expression on BM cells from NB patients with high or low BM infiltration (MRFI, median ± SE)**  **CD38CD39CD203a/PC-1CD73** **LymphocytesHigh**69 ± 29.7**ns**26.4 ± 12.3**ns**2.8 ± 14.4**\*p = 0.03**15.6 ± 7.5**ns**  **Low**70.7 ± 75.8 25.5 ± 7.3 2.3 ± 0.8 11.3 ± 4.1  **MonocytesHigh**64 ± 18.9**ns**32.1 ± 21.9**ns**3.7 ± 18**ns**5.4 ± 12.6**\*\*p = 0.009**  **Low**41.6 ± 51.7 39.4 ± 5.8 3.7 ± 3.3 2.7 ± 2.3  **GranulocytesHigh**23.6 ± 10**ns**19.7 ± 5**ns**3.9 ± 15.4**ns**4.4 ± 1.8**\*p = 0.05**  **Low**25.3 ± 3.1 19.8 ± 46.9 11.5 ± 124.2 2.8 ± 2.6  **NB cellsHigh**13.1 ± 19.6**ns**3.9 ± 5.1**ns**5.8 ± 1.8**ns**3.6 ± 1.5**ns** **D. Ectoenzymes expression on BM MNC cells from NB patients cultured in the presence or absence of NB cells (MRFI, median ± SE)** **CD38CD203a/PC-1CD39CD73**   **ctr+NB cellsctr+NB cellsctr+NB cellsctr+NB cells**  **Lymphocytes**49.1 ± 19.221.4 ± 3.913.5 ± 3.315.6 ± 3.89.5 ± 1.37.1 ± 0.66.2 ± 0.64 ± 0.2   nsnsnsns      **Monocytes**19.1 ± 1.714.5 ± 1.16.1 ± 0.45.7 ± 0.37.6 ± 0.57 ± 0.53.8 ± 0.24.4 ± 0.3   nsnsnsns      **Granulocytes**2.8 ± 0.32.7 ± 0.21.6 ± 0.21.9 ± 0.23.7 ± 0.58 ± 1.61.9 ± 0.32.3 ± 0.3   Ns\* p = 0.01\*p = 0.01\*p = 0.01      

CD38 and CD39 expressions were very low on metastatic NB cells, whereas they were highly expressed in NB cell lines ([Figure 1](#F0001), panel a). Conversely, CD203a/PC-1 and CD73 expressions were higher in NB cells from patients than in NB cell lines. CD26 was almost constantly absent in both NB cell types.10.1080/2162402X.2019.1574198-F0001Figure 1.Expression of adenosinergic ectoenzymes on NB cells.Panel a: The expression of CD38, CD39, CD203a/PC-1, CD73, and CD26 has been evaluated by flow cytometry on NB cell lines (n = 7, black dots) and metastatic NB cells isolated from patients' BM samples, either freshly isolated (n = 8, white dots) or co-cultured with autologous BM MNC cells (n = 4, gray dots). The same analysis was performed on MV isolated from NB cell lines (n = 5, gray dots) and patients' metastatic NB cells (n = 5, white dots) (Panel b). Results are expressed as mean relative of fluorescence intensity (MRFI). Horizontal bars indicated medians. p values are indicated where differences are statistically significant (Mann-Whitney test).

The first conclusion is that the expressions of adenosinergic ectoenzymes in NB cells from patients are definitely different from that of stabilized NB cell lines. A reasonable explanation is that the latter cells lost some of their original features during a long stay (years) in culture, but prolonged culture (weeks) of BM-derived freshly isolated NB cells did not affect their phenotype (data not shown). Another possibility was that the observed diversity may be due to interactions between NB cells and cellular and soluble components of the BM environment. To test this hypothesis, we cultured freshly isolated NB cells in the presence (or absence) of BM-resident mononuclear cells (MNC). As shown in [Figure 1](#F0001) (panel a), the phenotype of BM-derived NB cells after co-culture with BM MNC cells is similar the phenotype of NB cell lines: indeed, CD38 and CD39 were significantly upregulated, whereas CD203a/PC-1 and CD73 were significantly downregulated. These results confirmed that the interaction of NB cells with BM MNC cells may alter the expression of adenosinergic ectoenymes on neoplastic cells.

Phenotype of MV isolated from NB cells {#S0002-S2002}
--------------------------------------

Tumor and normal cells growing in a closed environment (*e.g*., BM) may use microvesicles (MV) to communicate inside and outside the space context. Thus, the expression of adenosinergic ectoenzymes (completed by CD26) was analyzed on MV isolated from NB cells infiltrating the BM and from NB cell lines ([Figure 1](#F0001), panel b). The purity of MV preparation was confirmed by the presence of PS, tested as specific marker of MV, as previously reported^[24](#CIT0024)^ (data not shown). The phenotype of the MV turned out to be identical to that displayed by parental cells. Indeed, MV isolated from patients' NB cells expressed high levels of CD203a/PC-1 and CD73, whereas MV from NB cell lines were characterized by high levels of CD38. However, a significant difference between cells and the corresponding MV concerned CD39 expression, that was higher in MV from patients' NB cells than in those from NB cell lines. [Table 1A](#T0001) summarizes these findings.

Expression of adenosinergic ectoenzymes on cell populations in the BM {#S0002-S2003}
---------------------------------------------------------------------

In order to identify the potential causes for the differences in NB phenotype, observed in metastatic cells, we defined the full picture of the ectoenzymes present on the infiltrating NB cells and on the main cell populations, lymphocytes, monocytes, and granulocytes, present in the BM. Samples were obtained from 17 NB patients, and data are summarized in [Table 1B](#T0001). CD38 expression was very high in lymphocytes and monocytes, and low in granulocytes, however, CD38 expression was significantly higher in all MNC populations than in NB cells. Conversely, CD203a/PC-1 expression was low to intermediate on lymphocytes, monocytes, granulocytes, and NB cells, and no significant differences were detected between MNC and NB cells ([Figure 2](#F0002), panel a and b, respectively). CD39 expression was high in lymphocytes, monocytes, and granulocytes, whereas NB cells display a significantly lower expression than MNC ([Figure 2](#F0002), panel c). Lastly, CD73 expression was almost identical in NB cells and MNC: an exception is represented by lymphocytes, characterized by an expression of CD73 significantly higher than NB cells ([Figure 2](#F0002), panel d). Taken together, these observations suggest that the resident BM leukocytes express levels of ectoenzymes higher than that of infiltrating NB cells; therefore MV isolated from BM samples may derive either from MNC or NB cells.10.1080/2162402X.2019.1574198-F0002Figure 2.Expression of adenosinergic ectoenzymes on BM-resident cell populations.The expression of CD38 (panel a), CD203a/PC-1 (panel b), CD39 (panel c) and CD73 (panel d) has been evaluated by flow cytometry on BM-resident cells in BM samples from 17 NB patients, gating on lymphocytes (white dots), monocytes (light gray dots), granulocytes (gray dots) and infiltrating NB cells (dark gray dots). Results are expressed as MRFI. Horizontal bars indicated medians. p values are indicated where differences (normal cells vs NB cells) are statistically significant (Mann-Whitney test)

Next, we asked whether the amount of NB infiltration in the BM may influence the expression of adenosinergic ectoenzymes by the BM-resident cells. Thus, we compared BM samples with high or low infiltration NB cells' infiltration. The cut-off value for NB infiltration (10%) was calculated by ROC curves analysis, and results are summarized in [Table 1C](#T0001). As shown in [Figure 3](#F0003) (panel a) CD38 expressed by lymphocytes, monocytes, granulocytes, and NB cells was not significantly influenced by the degree of infiltration. CD203a/PC-1 expression on lymphocytes was significantly higher in highly infiltrated BM, whereas CD203a/PC-1 expression in monocytes, granulocytes, and NB cells was independent from BM infiltration ([Figure 3](#F0003), panel b). Similarly, CD39 expression on lymphocytes, monocytes, granulocytes, and NB cells was unaffected by the degree of BM infiltration ([Figure 3](#F0003), panel c). Lastly, CD73 expression was increased on monocytes and granulocytes from highly infiltrated BM samples, whereas its expression on lymphocytes and NB cells was independent from the degree of infiltration ([Figure 3](#F0003), panel d).10.1080/2162402X.2019.1574198-F0003Figure 3.Expression of adenosinergic ectoenzymes on BM-resident cell populations in BM samples with high or low NB infiltration.The expression of CD38 (panel a), CD203a/PC-1 (panel b), CD39 (panel c) and CD73 (panel d) was evaluated by flow cytometry on BM-resident cells, gating on lymphocytes, monocytes, granulocytes and infiltrating NB cells. BM samples with high (n = 10, gray dots) or low (n = 7, white dots) NB infiltration have been compared. Results are expressed as MRFI. Horizontal bars indicated medians. p values are indicated where differences are statistically significant (t-test for lymphocytes and NB cells, Mann-Whitney test for the other cell populations)

Adenosinergic ectoenzymes are up-regulated on myeloid cell populations upon co-colture with metastatic NB cells {#S0002-S2004}
---------------------------------------------------------------------------------------------------------------

Based on these observations, we asked whether the increased expression of adenosinergic ectoenzymes on MNC from NB-infiltrated BM samples could be related to a direct interaction between resident BM cells and NB cells and/or to the release of soluble factors by NB cells.

To address this issue, BM MNC cells were cultured alone or in the presence of metastatic NB cells (at 1:1 MNC:NB ratio) for 48 h. Then, the expression of adenosinergic ectoenzymes was analyzed on CD45^+^ cells, gating on lymphocytes, monocytes, and granulocytes on the basis of physical parameters. Results are summarized in [Table 1D](#T0001). As shown in [Figure 4](#F0004), the expression of CD38, CD203a/PC-1, CD39 and CD73 was not significantly modulated by metastatic NB cells on lymphocytes (panel A) and monocytes (panel B). In contrast, the expression of CD203a/PC-1, CD39, and CD73 (but not of CD38) was significantly upregulated on granulocytes upon co-colture with NB cells (panel C), thus suggesting a selective action of this latter cell population.10.1080/2162402X.2019.1574198-F0004Figure 4.Expression of adenosinergic ectoenzymes on BM MNC upon co-culture with metastatic NB cells.The expression of CD38, CD203a/PC-1, CD39, and CD73 was evaluated by flow cytometry on BM MNC cultured in the presence (gray bars) or absence (white bars) of metastatic NB cells, at 1:1 MNC:NB ratio. The expression of each molecule was analyzed in CD45^+^ cells, gating on lymphocytes (panel a), monocytes (panel b) and granulocytes (panel c). Results are expressed as MRFI. p values are indicated where differences are statistically significant (Mann-Whitney test)

Expression of adenosinergic ectoenzymes in microvesicles from BM plasma samples {#S0002-S2005}
-------------------------------------------------------------------------------

To differentiate the cell origin of MV, we analyzed the expression of GD2, a surface disialoganglioside highly expressed by NB cells. [Figure 5](#F0005) (panel a) shows that the expression of GD2 on MV isolated from NB patients is significantly higher than in MV from controls, confirming that MV -- at least in part -- originate from the NB cells infiltrating the BM.10.1080/2162402X.2019.1574198-F0005Figure 5.Expression of adenosinergic ectoenzymes on MV isolated from BM plasma samples.Panel a. The expression of GD2 and CD26/ADA has been evaluated by flow cytometry on MV isolated from BM plasma samples obtained from NB patients (n = 4, black bars) or healthy controls (n = 4, white bars). Results are expressed as MRFI (median ± SE). p values are indicated where differences are statistically significant (Mann-Whitney test). The expression of CD38, CD203a/PC-1, CD39 and CD73 has been evaluated by flow cytometry on MV isolated from BM plasma samples obtained from NB patients and controls. Histograms in panel b shows a representative experiment. Grey profiles indicate staining with irrelevant isotype-matched mAbs, whereas black profiles indicate staining with specific mAbs. Pooled results obtained from NB patients (n = 16, black dots) and controls (n = 14, white dots) are expressed as MRFI (panel c), percentage of positive MV (panel d) or percentage of MV with high expression (panel e). Horizontal bars indicated medians. p values are indicated where differences are statistically significant (t-test for CD38 and CD203a/PC-1, Mann-Whitney test for the other ectoenzymes)

To have a dynamic representation of ADO metabolism, we then analyzed the expression of CD26, a surface molecule harboring adenosine deaminase (ADA), on MV. As shown in [Figure 5](#F0005) (panel a), the expression of CD26 on MV isolated from NB patients is higher than in controls. Quantitative differences between MV isolated from NB patients as compared to controls are summarized in [Table 2A](#T0002).10.1080/2162402X.2019.1574198-T0002Table 2.Numerical data.**A. Expression of ectoenymes on MV derived from BM plasma samples of NB patients and controls (median ± SE)**  **GD2CD26CD38CD203a/PC-1CD39CD73% of positive MVNB patients**    77.05 ± 16.95**\*\*\*p \< 0.0001**73.34 ± 14**\*\*p = 0.001**90.57 ± 10.79**\*\*\*p = 0.0004**67.71 ± 23.61**\*p = 0.02controls**  43.44 ± 14.8346.95 ± 44.6377.12 ± 9.151.99 ± 17.33**% of MV with high expressionNB patients**    28.41 ± 20.58**\*\*p = 0.0022**28.86 ± 15.53**\*\*p = 0.0024**3.8 ± 3.1**ns**1.6 ± 4.9**nscontrols**  8 ± 9.4412.85 ± 9.13.6 ± 0.84.7 ± 2**MRFINB patients**88.1 ± 20.4**\*p = 0.05**4.6 ± 0.15**\*p = 0.05**11 ± 4.4**\*\*\*p \< 0.0001**33.9 ± 48**\*p = 0.03**14.8 ± 7**\*p = 0.02**22.7 ± 33.1**\*p = 0.03controls**6 ± 0.781.2 ± 0.124.8 ± 2.713.3 ± 18.29.7 ± 3.513.5 ± 15**B. Expression of ectoenymes on MV derived from BM plasma samples of NB patients with high or low BM infiltration (median ± SE)**  **CD38CD203a/PC-1CD39CD73**    **% of positive MVHigh**79.9 ± 11**ns**74.3 ± 14.5**ns**93.9 ± 2.4**ns**76 ± 15.6**ns**     **Low**74.1 ± 24.3 71.7 ± 14.2 85.5 ± 16.2 55.2 ± 29.3     **% of MV with high expressionHigh**28.2 ± 17.2**ns**34.2 ± 12**\*p = 0.03**10 ± 14.9**ns**18.5 ± 22.8**ns**     **Low**28.6 ± 26.6 20.7 ± 17.7 9.2 ± 8.3 8.8 ± 11.1     **MRFIHigh**12.5 ± 4.4**ns**33.9 ± 49.2**ns**16.1 ± 6.1**ns**17.1 ± 21.7**ns**    

The expression of adenosinergic ectoenzymes belonging to conventional (CD39, CD73) and alternative (CD38/CD203a-PC-1/CD73) adenosinergic pathways was then analyzed on MV isolated from BM plasma samples from both NB patients and controls. Data are summarized in [Table 3A](#T0003) and [Figure 5](#F0005) (panel b) shows the results of a representative experiment.10.1080/2162402X.2019.1574198-T0003Table 3.**A) Functional characterization of adenosinergic ectoenzymes expressed on MV (\* = substrate, results expressed as nmol/30ʹ)**  **ATPADPRNICADPAMPADOIMPINOCD73NB**\-\-\--18.08\*63.9-2.95**Controls** \-\--79.64\*0.96-0**CD203a/PC-1NB**-89.13\*\--0.450.228.418.17**Controls**-79.10\*\--2.080.0341.66**CD39NB**13.85\*\--47.0138.831.344.43.55**Controls**71.20\*\--12.857.2804.950**CD38NB**-54.2410.33-0.420.1613.223.36**Controls**-29.155.33-1.860.0800**B) Inhibition of T cell proliferation by BM-derived MV** **% of proliferatingT cells**        **T cells + anti-CD3/CD28 beads**95.7 ± 0.1        **T cells+ anti-CD3/CD28 beads+ BM-derived MV**69.6 ± 2.2        [^3]

MV obtained from NB patients featured a higher expression of CD38, CD203a/PC-1, CD39 and CD73 ([Figure 5](#F0005), panel c). Moreover, the percentage of MV expressing CD38, CD203a/PC-1, CD39 and CD73 (panel D) was higher than on control MV. Quantitative dissection of the percentage of MV expressing high levels of each ectoenzyme (see Materials and Methods) showed that samples isolated from NB patients were characterized by a percentage of CD38^hi^ and CD203a/PC-1^hi^ MV higher than controls. On the contrary, no differences were observed for CD39^hi^ and CD73^hi^ MV between NB patients and controls ([Figure 5](#F0005), panel e).

Collectively, these findings indicate that MV from NB patients are equipped with a complete set of ADO-producing ectoenzymes and the machinery able to degrade ADO, likely more efficient than in control MV.

Expression of adenosinergic ectoenzymes by MV is only modestly influenced by BM infiltration {#S0002-S2006}
--------------------------------------------------------------------------------------------

We next asked whether the degree of BM infiltration by NB cells would influence the expression of adenosinergic ectoenymes on MV isolated from BM plasma. To answer this issue, we compared MV isolated from BM samples characterized by high or low NB infiltration (cutoff value 10%). Results are summarized in [Table 2B](#T0002).

As shown in [Figure 6](#F0006), MV isolated from BM samples of NB patients with high or low infiltration displayed almost overlapping expression levels of each ectoenzyme (panel A). Similarly, the percentage of MV expressing CD38, CD203a/PC-1, CD39, and CD73 was almost identical in the two groups (panel B). Also, the percentage of MV expressing high levels of CD38^hi^, CD39^hi^, and CD73^hi^ was similar in the two groups ([Figure 6](#F0006), panel c). On the contrary, the percentage of MV expressing high levels of CD203a/PC-1 was significantly increased in BM samples with high NB infiltration ([Figure 6](#F0006), panel c), in accordance with the observed up-regulation of surface CD203a/PC-1 expression in the BM environment.10.1080/2162402X.2019.1574198-F0006Figure 6.Expression of adenosinergic ectoenzymes on MV isolated from BM plasma samples with low or high NB infiltration.The expression of CD38, CD203a/PC-1, CD39, and CD73 has been evaluated by flow cytometry on MV isolated from BM plasma samples obtained from NB patients with high (n = 10, black dots) or low (n = 6, white dots) NB infiltration. Results are expressed as MRFI (panel a), percentage of positive MV (panel b) or percentage of MV with high expression (panel c). Horizontal bars indicated medians. p values are indicated where differences are statistically significant (t-test for CD38 and PC-1, Mann-Whitney test for the other ectoenzymes)

MV obtained from NB patients are enzymatically more efficient in terms of ADO production than those from controls {#S0002-S2007}
-----------------------------------------------------------------------------------------------------------------

To test whether the ectoenzymes present on MV isolated from BM samples were functional, we measured ADO production by MV after exposing them to different substrates. Precisely, MV obtained from 5 distinct NB patients and from 5 distinct controls were separately pooled and challenged with ATP, NAD^+^, ADPR, and AMP. Results obtained are summarized in [Table 3A](#T0003). As shown in [Figure 7](#F0007), panel a, AMP consumption was higher in MV isolated from NB patients than in those from controls. The production of ADO, inosine monophosphate (IMP) and inosine (INO) was consequently higher in the former than in the latter samples. These findings indicated that the enzymatic activity exerted by CD73 was increased in MV obtained from NB patients.10.1080/2162402X.2019.1574198-F0007Figure 7.Characterization of the enzymatic and immunosuppressive function of adenosinergic ectoenzymes on MV.The enzymatic function of CD73, CD203a/PC-1, CD38, and CD39 was evaluated on pooled MV from five NB patients (gray bars) and five controls (white bars), using as substrate adenosine 5ʹ-monophosphate (AMP, panel a), adenine diphosphate ribose (ADPR, panel b), nicotinamide adenine dinucleotide (NAD^+^, panel c) and adenosine 5ʹ-triphosphate (ATP, panel d). Results are expressed as nmol of substrate, adenosine (ADO) or the byproducts AMP, adenosine 5ʹ-monophosphate (ADP), ADPR, inosine (INO), inosine monophosphate (IMP) and nicotinamide (NIC). The immunosuppressive function of MV was evaluated by co-culturing T cells isolated from four healthy donors and stimulated with anti-CD3/CD28 beads in the presence (gray bar) or absence (white bar) of NB patients' BM-derived MV. Histograms in panel **E** shows the median of four different experiments ± SEM. Histograms in panel **F** shows a representative experiment.

The consumption of ADPR ([Figure 7](#F0007), panel b) and NAD^+^ ([Figure 7](#F0007), panel c) resulted similar in patients and controls, suggestive of similar CD203a/PC-1 and CD38 enzymatic activities. However, differences were observed in terms of performances. Indeed, MV from NB patients produced higher amounts of ADO and INO from ADPR, as well as higher amount of ADPR and IMP from NAD^+^ than those from controls. On the other side, MV from controls yielded higher amounts of AMP, suggesting an increased degradation of AMP in MV from NB patients, likely due to an increased CD73 enzymatic activity. Lastly, ATP consumption and production of by-products (ADP, AMP, ADO, and INO) was higher in MV from NB patients than in MV from controls ([Figure 7](#F0007), panel d), suggesting that the CD39 enzymatic activities are increased in MV derived from NB patients as compared to those from controls.

MV isolated from NB patients' BM samples inhibited t cell proliferation {#S0002-S2008}
-----------------------------------------------------------------------

We next asked whether MV isolated from NB patients' BM samples exert immunosuppressive functions. To answer this issue, we analyzed the proliferation of T cells isolated from normal donors in response to polyclonal stimuli, in the presence or absence of these MV preparations. Data are summarized in [Table 3B](#T0003). As shown in [Figure 7](#F0007), panel e, T cell proliferation was significantly reduced in the presence of BM-derived MV, thus suggesting that these MV may participate in the local immunosuppression in the BM microenvironment, thus favoring the metastatic spread of NB cells.

CD38 and CD73 expression on MV in the BM correlated with a worse prognosis for NB patients {#S0002-S2009}
------------------------------------------------------------------------------------------

A key question is whether adenosinergic ectoenzymes expressed by MV released in the BM of NB patients may influence their clinical outcome. To test this issue we first defined cut-off levels of expression for CD38, CD39, CD203a/PC-1, and CD73 by considering MRFI, percentage of positive MV and percentage of MV with high expression for each ectoenzyme. Then we analyzed event-free survival (EFS) and overall survival (OS) of 10 NB patients whose follow-up data were available, after stratifying them above or below the determined cut-off levels.

As shown in [Figure 8](#F0008), NB patients with a percentage of BM-derived MV expressing CD38 and CD73 above the cut-off level (panel A and C, respectively) displayed a worse EFS than patients with percentages of BM-derived MV below the cut-off. Conversely, the percentage of MV expressing CD39 or CD20a/PC-1 did not significantly influence the EFS of NB patients (panel B and D, respectively). In addition, no correlation was found between i) EFS and MRFI or percentage of MV expressing high levels of each ectoenzyme and ii) OS and ectoenzyme expression on MV. Taken together, these results support the hypothesis that MV expressing CD38 and CD73 released in the BM microenvironment represent an immune escape mechanism adopted by infiltrating NB cells, a step which eventually favors the relapse of NB.10.1080/2162402X.2019.1574198-F0008Figure 8.Correlation between expression of ectoenzymes on MV and prognosis of NB patients.Kaplan-Meier analysis of event-free survival (EFS) of 10 NB patients with a percentage of MV expressing CD38 (panel a), CD39 (panel b), CD73 (panel c) and CD203a/PC-1 (panel d) above (black line) or below (dashed line) the cut-off level determined by ROC curves for each parameter. Y-axes indicate the percentage of relapse-free patients, whereas X-axes indicate the time to relapse (months). Curve comparison was performed using Log-rank (Mantel-Cox) test. p values are indicated where the difference is statistically significant.

Discussion {#S0003}
==========

Bone marrow (BM) is the elective site for metastatic spread of malignant cells in NB patients, representing the most adverse prognostic factor.^[37](#CIT0037)^ Reports indicate that NB infiltration may affect the phenotype and function of BM-resident cells.^[10](#CIT0010),[38](#CIT0038),[39](#CIT0039)^ The results of the present study show that both metastatic NB cells and NB cell lines express adenosinergic ectoenzymes, thus NB cells may contribute themselves to ADO production in the BM microenvironment. Moreover, BM infiltration by metastatic NB cells is paralleled by an altered expression of ectoenzymes on resident BM cell populations. Precisely, BM samples with high NB infiltration showed the presence of lymphoid and myeloid cell subsets with an increased expression of CD203a/PC-1 and CD73, respectively. Reports from our group indicate that ADO production within the BM niche of patients with multiple myeloma may contribute to tumor progression.^[24](#CIT0024),[40](#CIT0040),[41](#CIT0041)^ In line with this, it is reasonable to speculate that the combined adenosinergic activity of ectoenzymes located on infiltrating NB cells and on BM-resident cells lead to an increased ADO production inside BM microenvironment, that may lead to the generation of an impaired local anti-tumor immune response, with a consequent spreading of metastatic NB cells. The inference is that metastatic NB cells sustain themselves the metastatic spread, by increasing expression and function of adenosinergic ectoenzymes by BM-resident cells.

Another original finding of this study is the characterization of MV released by NB cells. Indeed, exosomes have been characterized in the last years in the context of NB,^[32](#CIT0032)--[35](#CIT0035)^ whereas limited information is available regarding MV derived from NB.^[36](#CIT0036)^ MV are reported as carrying Cu, Zn superoxide dismutase derived from parental NB cell line.^[42](#CIT0042)^ Here, we show that MV released from metastatic NB cells and NB cell lines recapitulate the expression of a cascade of ectoenzymes, including CD38, CD39, CD203a/PC-1, and CD73 as detected on the parental cells. Even more important is the characterization of the phenotype of MV released in the BM environment in samples derived from NB patients. MV isolated from NB patients express GD2, a NB-associated antigen. This finding, *bona fide*, indicate that the MV we analyzed derive -- at least in part -- from metastatic NB cells. Secondly, MV derived from NB patients show an expression of adenosinergic ectoenzymes higher than MV from controls. The multiple peaks of fluorescence intensity, detected predominantly in samples from NB patients, may suggest that the MV studied derive from distinct cell populations (i.e., resident BM cells as well as metastatic NB cells). A further observation is that the production of ADO and the consumption of related by-products observed in MV isolated from NB patients is significantly higher than in controls, suggesting that the increased expression of adenosinergic ectoenzymes may be paralleled by higher enzymatic performances. Finally, the observation that the level of BM infiltration by NB cells alters the phenotype of MV released within BM microenvironment is of relevance for its clinical transferability. Indeed, the increased expression of CD203a/PC-1 on MV in BM samples with high infiltration suggests that these MV may produce increased amounts of ADO exploiting alternative pathway of synthesis as compared to BM with low NB infiltration.

It is known that the presence of MV endowed with complete and functional adenosinergic pathways correlates with the presence of malignant plasma cells in the BM of patients with multiple myeloma.^[24](#CIT0024)^ Here, we observed that a high percentage of MV expressing CD38 and CD73 in the BM microenvironment of NB patients correlate with a worse event-free survival. Thus, it is tempting to speculate that the release of MV equipped with efficient adenosinergic enzymatic activities leads to increased production of ADO within the BM niche. BM is a closed system, ideal to the establishment of an immunosuppressive microenvironment that coadiuvate tumor growth and dissemination of metastasis. Previous studies performed in solid and hematological malignancies have already demonstrated a key role of tumor-derived MV in the progression of disease.^[30](#CIT0030),[43](#CIT0043)--[45](#CIT0045)^

In conclusion, based on i) the expression of functional adenosinergic ectoenzymes on malignant cells, ii) the up-regulation of these molecules on BM-resident cells, iii) the release of immunosuppressive MV able of amplify ADO production within the BM context, as depicted in [Figure 9](#F0009), the results of this study may delineate a potential immune escape mechanism for metastatic NB. Further studies will evaluate whether CD38, CD39, CD203a/PC-1, and CD73 may represent novel therapeutic targets for high-risk NB patients.10.1080/2162402X.2019.1574198-F0009Figure 9.Schematic representation of the interactions between resident cells and metastatic cells in the BM.The presence of NB metastatic cells in the BM affects the expression of ectonucleotidases on BM-resident cells. Moreover, both cell populations released MV endowed with adenosinergic ectoenzymes within the BM. Those MV participate in ADO production, thus contributing to the immune escape of metastatic NB cells.

Materials and methods {#S0004}
=====================

Patients and cell lines {#S0004-S2001}
-----------------------

The patients involved in the study were diagnosed with NB in Italy during the period November 2010--April 2011, and from January to April 2018. Patient's samples were obtained following written informed consent according to Helsinki Declaration, and were subsequently centralized at the Istituto Giannina Gaslini (Italy).

Both diagnosis and staging were made according to INRG-SS criteria.^[4](#CIT0004),[46](#CIT0046)^ Demographic and clinical data were retrieved from the Italian NB Registry.^[47](#CIT0047)^ The main features of the patients included in the study are summarized in [Table 4](#T0004). All the analyses were made using samples taken at diagnosis. As controls, samples were obtained from healthy siblings of children admitted to the Istituto Giannina Gaslini to undergo BM transplants.10.1080/2162402X.2019.1574198-T0004Table 4.Characteristics of NB patients.\#Age at diagnosis(months)BM infiltration(% NB cells)Stage*MYCN* statusRelapseTime of relapse(months)Follow-upTime of follow-up(months)142\<10Mgainyes5.3alive45.2272\<10Msingle copyno alive49.831\<10Mssingle copyno alive42.2446\<10Msingle copyyes27.4alive34.9521\<10Mamplifiedno alive56.9620\>10Mamplifiedno alive59.4736\>10Msingle copyyes24.7dead48.8817\>10Mamplifiedyes11.4dead18.199\<10Msingle copyno alive34.51026\<10Mgainno alive46.0113\<10MsamplifiedN.A. N.A. 1252\>10MamplifiedN.A. N.A. 1332\<10M-N.A. N.A. 142\>10L2single copyN.A. N.A. 1546\>10L2single copyN.A. N.A. 1611\>10Msingle copyN.A. N.A. 1739\<10M-N.A. N.A. 1818\<10L2single copyN.A. N.A. 194\>10Mssingle copyN.A. N.A. 208\<10MsgainN.A. N.A. 2139\<10L2-N.A. N.A. 2216\>10Msingle copyN.A. N.A. 23140\>10Msingle copyN.A. N.A. 244\>10Msingle copyN.A. N.A. 2553\<10Msingle copyN.A. N.A. 2634\<10Lsingle copyN.A. N.A. 27140\<10M-N.A. N.A. 

Plasma samples were obtained from BM aspirates and stored at −80°C until use. MV were isolated from BM plasma samples of 16 NB patients and 14 control subjects. In some experiments, whole fresh BM samples were used for flow cytometric analysis.

NB cell lines GI-ME-N, GI-LI-N, HTLA 230, IMR-32, LAN-5, SKNAS and SH-SY-5Y were purchased from ATCC. NB cells were isolated from BM samples as previously described^[10](#CIT0010)^ and frozen until use. NB cell lines were cultured in DMEM medium, supplemented with 10% fetal bovine serum, 1 mM non-essential amino acids, 4 mM L-glutamine (all from Sigma-Aldrich) and antimycotic/antibacterial. Cells were detached using Non-enzymatic Cell Dissociation Solution solution (Sigma-Aldrich) and subjected to flow cytometric analysis.

Isolation of microvesicles {#S0004-S2002}
--------------------------

MV were isolated from BM plasma samples by differential centrifugation, as reported.^[48](#CIT0048)^ Briefly, 500 μl of each BM plasma sample was diluted (1:3) in PBS and centrifuged (3,000 *g* for 15 min at 4°C) to pellet large cell debris and remove remaining platelets. The supernatant was collected in a suitable centrifugation tube and centrifuged (20,000 *g* for 1 h at 4°C) in a fixed-angle rotor, washed once in PBS and suspended in 50 μl of binding buffer \[PBS containing 0.5% BSA and 2 mM EDTA (both from Sigma Aldrich)\]. MV size and polydispersity were analyzed using the Zetasizer Nano ZS90 particle sizer at a 90° fixed angle (Malvern Instruments, Worcestershire, UK), as described.^[49](#CIT0049)^ The expression of PS, a marker that identifies MV, was investigated by flow cytometry on MV preparation, using FITC-conjugated Annexin V (Beckman Coulter), as reported.^[24](#CIT0024)^

Flow cytometric analysis {#S0004-S2003}
------------------------

The expression of ectoenzymes was evaluated on MV, BM cells and NB cells using anti-CD38 (\#IB4), anti-CD73 (\#CB73) and anti-CD26 mAb (\#CB26) monoclonal (m)Abs generated in our Lab and conjugated with FITC-, PE- or APC-fluorochromes by Aczon (Bologna, Italy). Anti-CD203a(PC-1) (\#3E8) was kindly provided by J. Goding, and anti-CD39 PE-Cy7 mAb was purchased from eBiosciences. PE-conjugated anti-GD2 mAb (\#14.G2a) was purchased from BD Biosciences. FITC- or APC-conjugated irrelevant isotype-matched mAbs were purchased from Beckman Coulter.

MV were suspended in binding buffer, incubated with specific mAbs (20 min in the dark, at 4°C), and then washed with 500 µl of binding buffer. Samples were then centrifuged (20,000 *g* for 1 h at 4°C). MV suspended in staining buffer (400 µl) were then subjected to flow cytometric analysis.

BM whole blood samples (50 µl) were incubated with specific mAbs (20 min in the dark at 4°C). BM infiltration by NB cells was evaluated using anti-CD45 PC7 mAb (Beckman Coulter). Erythrocytes were then lysed using BD FACS lysis buffer (BD Biosciences, 15 min at RT in the dark). After one additional washing step, cells were suspended in binding buffer and then analyzed by flow cytometry.

NB cells were washed in PBS, suspended in binding buffer and incubated with specific mAbs (20 min in the dark at 4°C). Cells were then washed, suspended in binding buffer and then analyzed by flow cytometry.

In some experiments, BM whole blood samples were treated with BD FACS lysis buffer (BD Biosciences, 15 min at RT in the dark) to eliminate erythrocytes. After one additional washing step, BM MNC were suspended in binding buffer, counted and then cultured with metastatic NB cells at 1:1 MNC:NB ratio for 48 h in DMEM 10% FBS. Cells were then washed and stained with anti-CD45, anti-CD38, anti-CD203a/PC-1, anti-CD39 and anti-CD73 mAbs (20 min in the dark at 4°C). Cells were then washed, suspended in binding buffer and then analyzed by flow cytometry.

Flow cytometric analysis was performed using a Gallios cytometer and Kaluza software (Beckman Coulter). Results related to MV were expressed as i) percentage of positive MV and as ii) percentage of MV presenting high expression of specific molecules. In detail, the first peak of mean fluorescence intensity (MFI) for each molecule was used as a marker to define the percentage of MV with high expression of the selected molecule (MV with high expression are above the first peak of fluorescence) or iii) mean relative of fluorescence intensity (MRFI), obtained as follows: *mean fluorescence obtained with specific mAb/mean fluorescence obtained with irrelevant isotype-matched mAb*. Data related to BM cells and NB cells were expressed as MRFI. For BM cells, analysis was performed gating on different cell subsets on the basis of CD45 expression, gating on i) CD45^−^ cells (infiltrating NB cells) and on ii) CD45^+^ cells (BM-resident cells), using side scatter to discriminate between lymphocytes, monocytes, and granulocytes. In some experiments, analysis was performed by comparing two subgroups of NB patients, on the basis of NB infiltration. Cut-off levels were calculated by ROC curves analysis, using MedCalc (MedCalc software).

ADO production by MV {#S0004-S2004}
--------------------

MV pools, each composed by MV obtained from five different individuals (NB patients or controls), were suspended in PBS + 0.1% glucose and incubated at 37°C and 5% CO~2~ in 96-well plates (Costar Corning), in the presence (or absence) of ATP, NAD^+^, ADPR or AMP (all at a concentration of 50 µM). Supernatants were collected after 15 or 45 min incubation and acetonitrile (ACN, Sigma Aldrich) immediately added (1:2 supernatant: ACN ratio) to stabilize ADO. Samples were then centrifuged at 12,000 *g* and supernatants were collected and stored at −80°C until use. The presence of substrates and byproducts was analyzed by HPLC assay.

HPLC analysis {#S0004-S2005}
-------------

MV supernatants were evaporated by Speed-vac (Eppendorf), reconstituted in the mobile-phase buffer, and assayed by HPLC, as described.^[50](#CIT0050)^ Chromatographic analysis was performed with an HPLC System (Beckman Gold 126/166NM, Beckman Coulter) equipped with a reverse-phase column (Synergi Fusion C18, 5 µm; 150 × 4.5 mm, Phenomenex). Substrates and products of the enzymatic reactions were separated using a pH 5.1 mobile-phase buffer (0.125 M citric acid and 0.025 M KH2PO4) containing 8% ACN over 10 min, at a flow rate of 0.8 mL/min. UV absorption spectra were measured at 254 nm. HPLC-grade standards used to calibrate the signals were dissolved in AIM V serum-free medium (Invitrogen, Paisley, UK), pH 7.4, 0.2 μm sterile-filtered and injected in a buffer volume of 20 μL. The retention times (Rt, in min) of standards were: ATP, 1.9; AMP, 2.15; NAD^+^, 2.8; ADPR, 3.2; NIC, 4.5; and ADO; 5.56. Peak integration was performed using a Karat software (Beckman Coulter).

The qualitative identity of HPLC peaks was confirmed by co-migration with known reference standards. The presence of ADO was also confirmed by spiking standard (50 μM ADO), followed by chromatography. Quantitative measurements were inferred by comparing the peak area of samples with calibration curves for peak areas of each standard compound. Concentrations were expressed as nmol of substrates and products.

Cell proliferation assay {#S0004-S2006}
------------------------

Cell proliferation was assessed using carboxyfluorescein succinimidyl ester (CFSE) dilution assay. Briefly, PB MNC from four different normal donors were stained with 1 µg/ml CFSE (Invitrogen), incubated for 15 min at 37°C, washed and then cultured in RPMI medium supplemented with 10% FBS. Cells were kept at 37°C and 5% CO~2~, alone or in the presence of beads coated with anti-CD3/anti-CD28 mAb (T cell activation/expansion kit, Miltenyi Biotec). Stimulated cells were cultured in 96 flat-bottom well plates (Costar Corning) in the presence or absence of MV isolated from 300 μl of BM plasma samples obtained from four different NB patients. MNC were harvested after 6 days, washed, and then stained with APC-conjugated anti-CD3 mAb (Beckman Coulter). After additional washes, cells were run on Gallios cytometer, and CFSE dilution was analyzed gating on APC^+^ cells, using Kaluza software (Beckman Coulter). Data were expressed as the percentage of proliferating cells.

Statistical analysis {#S0004-S2007}
--------------------

Statistical analysis was performed using Prism 5.03 software (GraphPad Software). Gaussian distribution of data was analyzed using Kolmogorov-Smirnov test. The Student t test or the Mann-Whitney test was used to compare data, depending on data distribution. The significance range as follows: \*p \< 0.05 (significant), \*\*p \< 0.005, and \*\*\*p \< 0.0005. Cut-off levels were determined by ROC curves analysis, using MedCalc (MedCalc Software).
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